Recent evidence indicates that bone marrow is a source of endothelial progenitor cells that are mobilized into the peripheral blood in response to cytokines or tissue injury. Previously, we showed that functional endothelial cells (ECs) can be clonally derived from phenotypically defined hematopoietic stem cells. To determine the EC potential of human bone marrow and peripheral blood stem cells, blood vessels in sex-mismatched transplant recipients were evaluated. EC outcomes were identified by using a combination of immunohistochemistry and XY interphase FISH. Donor-derived ECs were detected in the skin and gut of transplant recipients with a mean frequency of 2% and could readily be distinguished from CD45-expressing hematopoietic stem cells. None of the >4,000 ECs examined had more than two sex chromosomes, consistent with an absence of cell fusion. Y chromosome signals were not detected in sex-matched female recipients, excluding the vertical transmission of male cells. None of the recipients evaluated before hematopoietic engraftment demonstrated donor-derived ECs, indicating a close linkage between the recovery of hematopoiesis and EC outcomes. Transplantable bone marrow-derived endothelial progenitor cells may represent novel therapeutic targets for hematopoietic and vascular disease. (6), gastrointestinal tract epithelium (7, 8) , and hepatocytes (9, 10). Murine transplant studies also have reported donor-derived cells in diverse populations of nonhematopoietic cells (11) (12) (13) (14) (15) (16) (17) (18) (19) . However, significant controversy exists as to whether these multilineage outcomes are the result of the physiologic differentiation of hematopoietic stem cells (HSCs) (20) (21) (22) , fusion events between donor hematopoietic cells and host cells (23, 24) , or technical artifacts associated with stem cell fate-mapping (25).
endothelial cells ͉ endothelial progenitor cells ͉ FISH ͉ hematopoietic stem cells I n addition to circulating blood cells, transplanted bone marrow has long been known to give rise to several hematopoieticderived cell lineages including Kupffer cells in the liver (1) , microglial cells in the central nervous system (2) , and pulmonary alveolar macrophages (3) . More recently, human allogeneic transplant studies have demonstrated the presence of donor markers in a variety of cell types including neurons (4, 5) , Purkinje cells (6) , gastrointestinal tract epithelium (7, 8) , and hepatocytes (9, 10) . Murine transplant studies also have reported donor-derived cells in diverse populations of nonhematopoietic cells (11) (12) (13) (14) (15) (16) (17) (18) (19) . However, significant controversy exists as to whether these multilineage outcomes are the result of the physiologic differentiation of hematopoietic stem cells (HSCs) (20) (21) (22) , fusion events between donor hematopoietic cells and host cells (23, 24) , or technical artifacts associated with stem cell fate-mapping (25) .
In contrast to the epithelial cell lineages, a close association between endothelial cells (ECs) and hematopoiesis was hypothesized Ͼ80 years ago (26, 27) . Studies of the developing yolk sac and the dorsal aorta provided further evidence for a common precursor cell or hemangioblast (28, 29) . Recent murine studies from our laboratory (30) and other laboratories (31) demonstrate that vascular endothelium and neovascularization can be clonally derived from phenotypically defined adult HSCs. We now extend these studies to sex-mismatched human female HSC recipients by using a blinded study design. Biopsy tissue from transplant recipients was evaluated by using a combination of immunohistochemistry (IHC) labeling for EC and hematopoietic markers and sequential interphase XY FISH. Donor-derived Y ϩ ECs were detected in the skin and gut of transplant recipients and could be readily distinguished from CD45 ϩ hematopoietic cells. Recipients without evidence of hematopoietic engraftment did not have detectable donor-derived ECs, suggesting a close linkage between blood cell and EC outcomes. and SpectrumGreen (FITC), respectively. A DAPI II (Vysis) nuclear counterstain (blue color) mounting medium was used to determine that positive X and Y signals were colocalized to the same nucleus and, thus, the same cell.
Methods
Enumeration of Donor-Derived ECs. Tissue sections were systematically examined by two independent observers and photographed with a microscope (Axiophot, Zeiss) using a true-color camera (AxioCam, Zeiss) and standard epifluorescence filters for FITC, Cy3, and DAPI (Zeiss). Images were digitally combined by using Image Analysis. Fluorescent images of endothelium that contained male donor-derived ECs and X and Y chromosomes were obtained at ϫ1,250 by using a fluorescent microscope (Axioplan, Zeiss). Bright-field images of these ECs at the same magnification and field were immediately captured. Images were analyzed by using AXIOVISION 4.0. To show true colocalization of FISH signals and EC markers in a single cell, Z-stack images were obtained by using a laser scanning microscope (1024 ES, BioRad) and analyzed by using DELTAVISION deconvolution software (Bio-Rad).
Results
Patient Characteristics. The Oregon Health and Science University BMT program database was used to identify sex-matched and sex-mismatched female BMT recipients. To ensure adequate tissue integrity, archived skin and gut biopsy specimens were reviewed (by C.L.C.) for significant graft-versus-host disease or other pathology. Suitable tissue samples were coded and analyzed in a blinded manner for the presence of Y ϩ ECs. Skin biopsies from 18 female recipients of BMT or PBSCs for the treatment of hematologic malignancies were studied. The characteristics of the 12 female recipients of sex-mismatched BMT (n ϭ 7) or PBSC (n ϭ 5) are shown in Table 1 . The time from transplant to tissue biopsy ranged from 9 to 2,776 days (mean of 355 days). None of the specimens from the six 
Marrow chimerism studies were performed on seven of nine sex-mismatched transplant patients who demonstrated donorderived endothelium. Six of these patients had 100% donorderived hematopoiesis, whereas the remaining patient had relapsed acute leukemia with only 27.5% donor chimerism. The remaining three patients did not have a detectable Y chromosome in any cell type in the biopsy specimens. A review of the clinical records revealed that these three patients failed to show hematopoietic engraftment at the time of tissue biopsy.
Detection of Donor-Derived ECs. To definitively identify the EC cell progeny of male donor-derived cells, we used sequential IHC and FISH. This combination of techniques allowed us to visualize X and Y chromosomes in phenotypically identified ECs and to then use Z-stack analysis to confirm the colocalization of these markers in an individual cell. With bright-field microscopy, perivascular and intravascular CD45 ϩ leukocytes (Vector Blue) were easily distinguished from CD31-and VWF-expressing vascular endothelium labeled with DAB (Fig. 1A) . Importantly, both Vector Blue and DAB staining patterns remained visible after the pepsin treatment and the hybridization procedures used to detect the X and Y chromosomes. In addition, the intense DAB signal associated with VWF staining of ECs produced an epifluorescent signal in the red channel that was readily detected by confocal microscopy (Fig. 1H) . By using centromeric probes, Y chromosomes in DAPI-stained nuclei were clearly visualized as discrete green signals, whereas the X probes generated a characteristic red signal. FISH analysis revealed two sex chromosomes in 60% of ECs, which is the expected frequency given the 5-m thickness of the sections used (8) . This finding was confirmed by evaluating sequential images within a Z-stack ( Fig. 2A) .
By combining the IHC for CD31 and CD45 with Y and X chromosome FISH, we found clear evidence of donor-derived Y ϩ ECs in all nine recipients that showed hematopoietic engraftment after sex-mismatched BMT or PBSC transplant (Table 2). Donor-derived ECs expressing CD31 or VWF also were readily detected in gut biopsies (Fig. 2 B-G) . Cells of hematopoietic origin, including intraepithelial lymphocytes, were excluded by the presence of CD45 expression.
Frequency of Y ؉ Donor-Derived ECs in Skin Biopsies. Each recipient tissue sample was assayed a minimum of two times by sequential IHC and FISH. The frequency of CD31 ϩ , VWF ϩ , CD45 Ϫ , or Y ϩ ECs in skin biopsies from 18 female transplant recipients was evaluated in a blinded manner by two independent observers. Only ECs with a DAPI-stained nucleus and at least one sex chromosome were enumerated. The common occurrence of a single sex chromosome is due to the plane of section examined, a finding consistent with previous reports (8) . Z-stack images of X and Y chromosomes in a single EC nuclei obtained at 0.5-m intervals illustrates this point (Fig. 2 A) . In male control skin biopsies, 79% of the total nuclei contained a single Y Ϫ chromosome. Consequently, the frequency of male donor-derived ECs represents a 21% underestimate. Y ϩ ECs were not detected in nine transplant recipients. On review of the clinical records, it was found that six of these patients had been transplanted with female donor cells. In the remaining three recipients who received sex-mismatched donor cells, Y chromosomes were not detected in any cell type, including intradermal lymphocytes (frequency of Ͻ1 in 10,000 cells, Table 2 ). None of these patients demonstrated hematopoietic engraftment, with WBC counts of Ͻ300 cells per l. In the nine engrafted female patients who received sex-mismatched BMT or PBSC cells, 0.9 -3.9% of the ECs showed a donor genotype (mean 2.3% Ϯ 0.9%; Table 2 ). No regional predilection for the incorporation of endothelial progenitor cells was observed in vessels of either the skin or gut. Donor-Derived ECs in the Gut. To determine whether donorderived ECs were integrated into the endothelium of other tissues, biopsies of gastric and duodenal mucosa were examined (Fig. 2 B-G) . Tissue samples determined to have minimal graft-versus-host disease or other pathology were evaluated by sequential IHC and FISH as described above. CD45 ϩ lymphoid cells were readily detected and excluded from analysis. Y ϩ , CD31 ϩ , VWF ϩ , and CD45 Ϫ ECs were found in the gut of four out of four patients examined, at a mean frequency of 1.7%, a level similar to that observed in skin biopsies.
Donor ECs Are Diploid. Recent studies of regenerating liver in a mouse model of hereditary tyrosinemia indicate that functional hyperdiploid hepatocytes can arise from the fusion of donor bone marrow-derived cells with recipient hepatocytes (23, 32) . This important issue was addressed prospectively by enumerating the frequency of X and Y chromosome signals in all FISH-probed EC nuclei. Among the Ͼ4,000 EC nuclei examined in skin biopsies from 18 transplant receipts, none demonstrated more than two sex chromosomes. Although this finding does not rule out rare fusion events, it indicates that the vast majority of EC outcomes in the skin are not hyperdiploid.
Discussion
The results of this study demonstrate the presence of donorderived endothelium in both the skin and gastrointestinal tract of allogeneic stem cell transplantation recipients. Donor ECs were detected at the time of early hematopoietic engraftment (day 9) and persisted for Ͼ7 years. A similar frequency of donor ECs was observed in recipients of bone marrow cells or PBSC.
Of note, the frequency of EC outcomes may actually have been reduced in these patients, because they were all treated with a calcineurin inhibitor (cyclosporine or tacrolimus). These agents have been reported to impede the migration and incorporation of endothelial progenitor cells into vessels (33) . Our findings are consistent with previous studies demonstrating endothelial progenitor cell activity in the blood in both experimental transplantation models and in vitro assays of circulating endothelial progenitor cells (34, 35) . No donor ECs were identified in recipients who were evaluated before hematopoietic engraftment, consistent with the hypothesis that EC potential and hematopoiesis are functionally linked (27) . Using Y chromosome FISH to identify donor cells consistently leads to an underestimate of the frequency of Y ϩ cells because of the plane of section examined (Fig. 2 A) . Evaluation of three normal male control biopsy specimens indicated that 79% of EC nuclei were either XY or YO. By using a correction factor of 1.27, the frequency of donor-derived ECs in skin biopsies in our study ranges from 1.1% to 5.0%. The presence of Y chromosomes in females could theoretically result from blood-product transfusion (36) or by passive transfer through the fetalmaternal circulation (37) . Typically, the frequency of Y ϩ cells posttransfusion is very low unless there is significant transfusionrelated graft-versus-host disease (38) . Similarly, a sensitive PCR assay often is required to detect the rare male cells acquired by Some early studies of the transdifferentiation of bone marrowderived stem cells are now recognized as examples of fusion between populations of donor and host cells. Cell fusion has been reported as an important mechanism for generating hepatocytes (23, 32) , and for repairing skeletal (39) , epithelium (40) , and cardiac muscle (24) . However, our analysis of Ͼ4,000 EC nuclei, using quantitative centromeric X and Y probes, did not detect a single EC with more than two sex chromosomes. Although this result does not entirely rule out rare fusion events between donor hematopoietic cells and host ECs, or a fusion event followed by a reduction division (23) , it clearly demonstrates that the great majority of endothelial outcomes in the skin are not hyperdiploid.
Previous work evaluating sex-mismatched transplant recipients reported a high frequency of donor-derived ECs in the bone marrow. Although Kvasnicka et al. (41) reported that 19-24% of bone marrow endothelium in transplant recipients was donorderived, these investigators used morphology and the expression of CD34 as the only criteria for the identification of bone marrow ECs. The interpretation of these results is problematic, however, because significant numbers of total bone marrow mononuclear cells (1-2%) express CD34, and the majority of these cells are known to be hematopoietic progenitors (42) . Blood vessel morphology in these bone marrow biopsies was relatively indistinct, raising the concern that perivascular CD34 ϩ hematopoietic cells were inadvertently scored as ECs. (Of note, the patients examined in this study and our own patients all received myeloablative conditioning regimens. Consequently, the incorporation of donor cells into the endothelium probably did not occur under steady-state conditions.)
Another group of investigators identified ECs in the lung by using CD31 and CD45 expression in combination to exclude pulmonary alveolar macrophages and passenger leukocytes (43) . Serial sections of lung biopsy specimens were obtained and examined by hematoxylin͞eosin staining. Morphologically identified vascular structures were matched to an adjacent tissue section for the localization of CD31 and CD45 by immunofluorescence microscopy. FISH for the X and Y chromosomes was then performed on CD31 and CD45 double-stained sections. Unfortunately, the FISH procedure resulted in the complete loss of fluorescence of the CD31 and CD45 markers, so that the identification of putative Y ϩ ECs was made by morphology alone. This approach precluded the definitive colocalization of CD31 and the Y chromosome marker in a single cell by confocal microscopy. In our experience, combinations of lineage-specific cell markers and the absence of the expression of the panhematopoietic marker CD45 are required to distinguish nonhematopoietic cells from tissue-resident hematopoietic cells.
Our results also demonstrate that endothelial engraftment does not occur in the absence of initial hematopoietic engraftment, suggesting a functional linkage between bone marrowderived hematopoiesis and EC potential. This finding is consistent with the report of human bone marrow-derived multipotent adult progenitor cells, a population that exhibits endothelial progenitor cell activity (44) . Analysis of bone marrow-derived ECs in human BMT recipients also reveals significant donorderived endothelial progenitor cell activity in the peripheral circulation (35) . Furthermore, Pelosi et al. (45) showed that single human CD34 ϩ KDR ϩ stem cells have the potential to differentiate into hematopoietic cells and ECs at the clonal level in vitro. Taken together, these results suggest that the close association between hematopoiesis and the vascular system originally identified during early development persists into adult life. Consequently, it will be important to study potential therapeutic roles of bone marrow-derived ECs in the setting of vascular and hematopoietic disease.
